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FOREWORD 

This  monograph w a s  produced a t  V i r g i n i a  Polytechnic  I n s t i t u t e  i n  

a p i l o t  program administered by Oklahoma S t a t e  Universi ty  under c o n t r a c t  

t o  t h e  NASA Of f i ce  of Technology U t i l i z a t i o n .  The program w a s  organized 

t o  determine t h e  f e a s i b i l i t y  of present ing t h e  r e s u l t s  of r e c e n t  r e sea rch  

i n  NASA Labora to r i e s ,  and under NASA c o n t r a c t ,  i n  an educat ional  format 

s u i t a b l e  as supplementary mater ia l  i n  classwork a t  engineering co l l eges .  

The monograph may r e s u l t  from e d i t i n g  s i n g l e  t e c h n i c a l  r e p o r t s  o r  

syn thes i z ing  several t e c h n i c a l  r e p o r t s  r e s u l t i n g  from NASA's r e s e a r c h  

e f f o r t s .  

Following t h e  p repa ra t ion  of t h e  monographs, t h e  program includes 

t h e i r  eva lua t ion  as educa t iona l  material i n  a number of u n i v e r s i t i e s  

throughout t h e  country. The r e s u l t s  of t h e s e  i n d i v i d u a l  eva lua t ions  i n  

t h e  classroom s i t u a t i o n  w i l l  b e  used t o  h e l p  determine i f  t h i s  procedure 

i s  a s a t i s f a c t o r y  way of speeding r e sea rch  r e s u l t s  i n t o  engineering educa- 

t ion.  

ABSTRACT 

This monograph p r e s e n t s  a n  example of t h e  design of a compensation 

network to compensate f o r  time-delay d i s t o r t i o n  introduced by a non l inea r  

phase vs .  frequency c h a r a c t e r i s t i c .  The compensation network is  a 

symmetrical l a t t i c e  network and t h e  design r e l a t i o n s  are developed by t h e  

use  of image parameters.  
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INSTRUCTOR' S GUIDE FOR MONOGRAPHS 

1. Educat ional  level of t h e  monograph - Senior  l e v e l .  

2. P r e r e q u i s i t e  course  material - The course  material requi red  f o r  t h i s  

monograph consists of the normal undergraduate network theory p lus  an 

i n t r o d u c t i o n  t o  t h e  Image-Parameter Method. 

3. Estimated l e c t u r e  t ime r equ i r ed  - One hour.  

t w o  hours  if i t  is  necessary to  include a b r i e f  i n t r o d u c t i o n  t o  t h e  Image- 

Parameter Method. 

This  should be  extended t o  

4. Technical s i g n i f i c a n c e  of the monograph - The material presented i n  t h i s  

monograph i l lustrates  a technique f o r  compensation of t i m e  delay introduced 

by a nonlllsissr phase I+ frequency c h a r a c t e r i s t i c .  

5 .  New c o n c q t a  or r )nueml~eoncepts  i l l u s t r a t e d  - This  monograph p resen t s  an 

example of la t t ice  network design using t h e  Image-Parameter Method. 

A, ' 

6. How monograph can b e s t  be used - It is  suggested t h a t  t h e  material i n  t h i s  

monograph be presented as l e c t u r e  m a t e r i a l  i l l u s t r a t i n g  t h e  use  of image 

parameters t o  des ign  a lat t ice type compensation network. The problem 

may be used as e i t h e r  an  example o r  as a home problem. 

7. Other l i t e r a t u r e  of i n t e r e s t  t o  t h i s  monograph is given i n  the list of 

, r e fe rences .  

8. 

9 .  Who t o  con tac t  f o r  f u r t h e r  information - Technical  U t i l i z a t i o n  O f f i c e r ,  

Other r e p o r t s  reviewed by t h e  e d i t o r  i n  prepar ing  t h i s  monograph - none. 

NASA, Goddard Space F l i g h t  Center, Greenbel t ,  Maryland. 

10. Note t o  I n s t r u c t o r :  A l l  uncolored pages of t h e  i n s t r u c t o r s  monograph are 

i n  t h e  copies  intended f o r  s tudent  use. 
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I n t r o d u c t i o n  

A s i g n a l  con ta in ing  several frequency components can be  d i s t o r t e d  i n  many 

Th i s  monograph cons ide r s  one such type  ways during passage through a system. 

d i s t o r t i o n  and a method f o r  t h e  design of a network t o  compensate f o r  t h i s  

d i s t o r t i o n .  The d i s t o r t i o n  type considered h e r e i n  could b e  r e f e r r e d  t o  as 

time-delay d i s t o r t i o n  and arises i n  any system which has  a nonl inear  phase vs. 

frequency c h a r a c t e r i s t i c .  

The Problem 

The t i m e  delay of a system is given by 

where (I and w are t h e  phase and frequency of t h e  s i g n a l  r e s p e c t i v e l y .  The 

i d e a l  phase c h a r a c t e r i s t i c  is l inear  and g iven  by 

( I =  b + c  

where k and c are constants .  This ideal c h a r a c t e r i s t i c  g i v e s  a cons t an t  t i m e  

delay and a l l  frequency components are t r ansmi t t ed  wi th  equal  delay.  Any 

v a r i a t i o n  from t h i s  i d e a l  c h a r a c t e r i s t i c  r e s u l t s  i n  a frequency dependent 

time de lay  and a consequent d i s t o r t i o n  i n  output  due t o  d i f f e r e n t  de l ays  f o r  

d i f f e r e n t  frequency components. 

I n  c o n t r a s t  t o  t h e  i d e a l  constant  time-delay c h a r a c t e r i s t i c ,  some systems 

e x h i b i t  a t i m e  delay which i s  minimum over a band of f r equenc ie s  and i n c r e a s e s  

f o r  f r equenc ie s  o u t s i d e  t h i s  band. One such example of t h i s  type c h a r a c t e r i s -  

t ics  are t h o s e  of t h e  t a p e  r eco rde r  t y p i c a l  of which are shown i n  Fig. 1. 
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Fig. 1. A Typical  Phase vs. Frequency C h a r a c t e r i s t i c  

To compensate f o r  t h e  d i s t o r t i o n  a r i s i n g  from such a phase c h a r a c t e r i s t i c ,  

a network should be  designed which introduces l i t t l e  de lay  a t  low and high 

f r equenc ie s  b u t  cons ide rab le  de l ay  in t h e  c e n t e r  band of f requencies .  O r  i n  

terms of t h e  phase c h a r a c t e r i s t i c ,  the compensation network should have an S 

shaped curve,  a l a r g e  s l o p e  i n  t h e  center  band and a s m a l l  s l o p e  o u t s i d e  t h i s  

band. 

i n  Fig. 2 ,  where w 

example of Fig. 1. 

The d e s i r e d  c h a r a c t e r i s t i c s  of t h e  compensation network are i l l u s t r a t e d  

i s  c a l l e d  t h e  cen te r  frequency and is  100 kc f o r  t h e  1 



FREQUENCY 
w1 

Fig. 2. Desired Characteristic of Compensation Network 

Finally in order that the amplitude characteristic be unaffected it is highly 

desirable that the compensation network be all-pass. We will now consider an 

example of the design of a network with such characteristics. 

Design Procedure 

If one restricts their considerations to passive networks, an obvious 

candidate for the compensation network is the symmetrical lattice network 

shown in Fig .  3 .  Network designers have found that this network yields great 

versatility of specifications. 



Fig. 3. The Symmetrical Lattice Network 

By usual techniques the open and short circuit impedances are found to be 

1 z = T (Z* + ZB) oc 

and 

‘A ‘B 

from which the characteristic impedance is 

and the propogation constant is g i v e n  by 
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Now i f  Z and ZB are p u r e  r eac t ances  of oppos i t e  s i g n  A 

a j B = l + l x  
1 - j x  E E  

t h i s  g ives  

a = O  

(X, real) (5) 

and t h e  phase is  given by 

(7) -1 4 = 2 t a n  X 

F i n a l l y ,  t h e  c h a r a c t e r i s t i c  impedance is  pure ly  real  

0 
Z = R  

0 

Since a = 0, w e  have an all-pass network wi th  a phase c h a r a c t e r i s t i c  

given by Eq. 7. 

The s imples t  a l l - p a s s  network (Z and Z pure reactances of oppos i t e  A B 
s i g n )  is  given by 

ZA = jwL 

and 

From Eq. 7. 

The s l o p e  of t h i s  phase c h a r a c t e r i s t i c  and hence t h e  t i m e  delay is  a mono- 

t o n i c a l l y  decreasing func t ion  of w and is t h e r e f o r e  n o t  s a t i s f a c t o r y .  Con- 

s i d e r  next t h e  symmetrical l a t t i ce  of Fig.  4. 



This network has 

and 
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Fig.  4. The Compensation Network 

I 9 
L1 1 - wLL*C2 

z o =  J- c2 1 - w 2 LICl 

From E q s .  10 and 11 

-lo2 L1 c2 - =  'A 

(1 --w 2 LIC1)(l --w 2 L2C2) 'B 
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From Eq. 4 ,  i t  is  apparent  t h a t  t h i s  network w i l l  be  a l l -pas s  i f  t h e  r a t i o  

given by Eq. 13 is  nega t ive  f o r  a l l  w. This cond i t ion  is s a t i s f i e d  i f  

LICl = L2C2 = b 

For t h i s  a l l -pas s  cond i t ion ,  t h e  phase i s  given by Eq. 7 as 

r 1 

I f  w e  l e t  Js = a ,  w e  have 

I f  one examines Eq. 15 for 4 VS. w c h a r a c t e r i s t i c s  with a and b as parameters,  

i t  i s  r e a d i l y  seen t h a t  t h e  d e s i r e d  c h a r a c t e r i s t i c  of Fig. 2 i s  obtained. 

Further  the amount of compensation i n  t h e  c e n t e r  band i s  determined by t h e  

r e l a t i o n s h i p  between a and b. I n  order  t o  e s t a b l i s h  a measure of t h e  amount 

of compensation and t o  properly place t h e  band of maximum compensation, i t  i s  

necessary t o  i n v e s t i g a t e  Eq. 15 i n  d e t a i l .  

An S shaped curve of t h e  type descr ibed by Eq. 15 must have a po in t  of 

i n f l e c t i o n .  This  p o i n t  of i n f l e c t i o n  w i l l  be  taken as t h e  c e n t e r  frequency 

ol. The p o i n t  of i n f l e c t i o n  is  g i v e n  by &. = 0. From Eq. 15 t h i s  gives  
do 

2 + 2b o12 + a2 - 3b = 0 w1 
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which has t h e  s o l u t i o n  
1 1 
I I I 

a2 - 3b 
b 

This  r e s u l t  y i e l d s  a real  and p o s i t i v e  c e n t e r  frequency w if 1 

a2 < 3b 

Two cases are of i n t e r e s t  

2 0.732 i f  a2 = b 2 . w  =-  1 b 

The amount of compensation i n  t h e  c e n t e r  band w i l l  depend on t h e  degree 

t o  which t h e  i n e q u a l i t y  (17) is s a t i s f i e d .  For a 2 1  < - - 10 b ,  y 3; 
2 1  

and t h e  design equat ions become 

1 

1 

LICl = L2C2 = - 2 w 

1 < 
2 10 w, L1 c2 - 

A p a i r  of phase frequency curves f o r  t h e s e  r e s u l t s  are shown i n  Fig. 5 

f o r  two d i f f e r e n t  r e l a t i o n s  f o r  i n e q u a l i t y  (22) .  
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low, 

1 I: L,C, : 
loow; 

Fig. 5. Phase vs. Frequency f o r  t h e  Compensation Network. 

It can be seen  t h a t  t h e  des igner  has  two degrees of freedom. For example 

he can choose t h e  c h a r a c t e r i s t i c  r e s i s t a n c e  and t h e  c e n t e r  frequency and 

then select va lues  f o r  t h e  elements t o  s a t i s f y  (22) .  The phase w i l l  then 

be given by 

Problem 

L e t  i t  be requi red  t o  design a compensation network having t h e  
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characterist ic  of Fig.  5 ,  curve I1 with a characteristic resistance of 100 

ohms and a center frequency of 100 k.c. 

is  desired over 4r radians. 

Further suppose the phase variation 

References 

1. Van Valkenberg, M. E . ,  Modern Network Synthesis, John Wiley and Sons, 
New York, 1960 

2.  Weinberg, Louis, Network Analysis and Synthesis, McGraw H i l l ,  1962 



11 

Probiem Soiutiwi 

Two identical  stages i n  cascade w i l l  be  used to  obtain the desired 

phase variation. From the design equations 

1 
L1 c2 - lO(2?o2 x 1o1O 

2 
10 L1 c1 - L2 c2 - 

(2s12 x 10 

and 

L1 4 
c2 
- - 10 

From which the element valuee are 

millihenry 1 

VlO 
L2 - 2n millihenry 

microfarad - 0.2  410 
c1 - 2n 

microfarad - 0.1 
c2 - JiiF (2T) 
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